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Con text: Org:mopha;phate(OP) pesticides are neurotoxic at high dales. Fewstudieshave 
exanined 

~!"<W~~~~~'fe~~des 
Cllld cognitiw abilities in s:hool-age children. 

Met h o cts: We conducted a birth cohort study (Center for the Health Asee!lment of Mothets and 
Children of Salinas study) among predominantly Latino farmworker families from an agricultural 
community in California We a!l!eSBE!CI expa;ure to OP pesticides~ measuring dialkyl pha;phate 
(DAP) metabolites in urine collected during pregnancy and from children at 6 months and 1, 2, 3.5, 
and 5 years of age. We administered the Wechsler Intelligence Scale for Children, 4th edition, to 
329 children 7 years of age. Analyses were adjusted for maternal education and intelligence, Horne 
Olllervation for Measurement of the Environment s:ore, and language of cognitiw assessment. 

Resu 1 ts: Urinary DAP concentrations measured during the first and second half of pregnancy 
had similar relations to cognitiws:ores, so we used the average of concentrations measured during 
pregnancy in further analyses. Awraged maternal DAP concentrations were associated with poorer 
s:oresfor Working Memory, PI'OO!SSingSpeed, Verbal Comprehension, Perceptual ReaDning, and 
Full-&:ale intelligence quotient (IQ). Children in the highest quintile of maternal DAP concEntra
tions had an average deficit of 7.0 IQ poin1scornpared with tha;e in the 10\M!SI: quintile. HOIM!IIel', 
children's urinary DAP concEntrations were not consistently C&OCiated with cognitiw s:ores. 
ConCI usions: Prenatal but not pa;tnatal urinary DAPconcentrationswereassociatedwith poorer 
intellectual ~loprnent in 7 -year-old children. Maternal urinary DAP concentrations in the present 
study were higher but nonetheless within the range of lewis measured in the general U.S. population. 

KE¥ woRds: agriculture, children, cognitiw ~lopment, fannworker, insecticides, intelligence 
quotient, neurodeveloprnent, organopha;phate, pesticides.Enviroo Health Petspect 119:1189-1195 
(2011). doi:10.1289/ehp.1003185[0nline21 April2011] 

Organophosphate (OP) p:lSticic:IEsarewidely 
l.fEd in ~riculture, and re.teral are registered 
for home garden u:e [U.S. Environmental 
Protection Agency (EPA) 2006]. In 2010, 
32 OP p:lSticidEsVIere registered in the United 
States (U.S. EPA 2010). In 2007, 15 mil
lion kilograms of OP pesticides were u:ed 
in the United States, representing 36% of 
all ins:cticic:IEs u:ed (Grubeet al. 2011 ). In 
California, 1.6 million kilogransofOPpes
ticic:IEswere u:ed in ~riculture in 2008; the 
top fi\.e~tive ingredients were chlorpyrifcs, 
malathion, phcsmet, ethephon, and dime
thoate [California Department of Pesticide 
Regulation (CDPR) 2010]. 

OP pesticidEs have well-known neuro
toxic properties, with the primary m:chanism 
of ~tion involving inhibition of a::etylcho -
linestera:eat high dca:s (Sultatcs 1994). At 
dca:s lower than there I1Eedecl to inhibit a::e
tylcholinestera::e, certain OP p:lSticic:IEsaffect 
different neurochemical targets, including 
growth fcctors, reveral neurotransmitter sys.
tems, and s:rond-rrerengar systems (Siotki n 
and ~idler 2007; Vermaetal. 2009). 

Mcst human studies showing adverse 
health effects of OP pesticides have been 

carried out in occupational rettingswith high 
expcsure levels (Karel et al. 2007). Children 
may experience chronic, low-level expcsure 
due to historical home ure, living 11El3r an ~ri
cultural field, and residues in food (Bradman 
et al. 2007; Lu et al. 2004). Children are 
at higher risk for pesticide toxicity than are 
adults becau:e the developing brain is more 
sus::eptible to neurotoxicants and the da:e 
of pesticidEs per body weight is likely to be 
higher in children (Wei'££ 2000). Children 
also have lower cctivity and levels of enzym:s 
that detoxify ~tivated forms of certain OP 
p:lSticic:IEs (Holland et al. 2006). 

Epidemiologic studies suggest that pre
natal expcsure to OP p:lSticic:IEs is CS9Xiated 
with poorer neurobehavioral development in 
infants (Engel et al. 2007; Young et al. 2005) 
and toddlers and preschoolers (Eskenazi 
et al. 2007; Handa! et al. 2008; Rauh et al. 
2006). Pcstnatal OPexpcsure hcsalso been 
a350Ciated with behavioral problems; poorer 
short-term memory, executive function, and 
motorskills;and longer ra:ction time in chil
dren (Bouchard et al. 2010; Grand jean et al. 
2006; Rohlman et al. 2005; Ruckart et al. 
2004). Few studies have~ exposure 
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to OP p:lSticic:IEs both prenatally and during 
childhood. 

The Center for the Health ~nt 
of Mothers and Children of Salinas 
(CHAMACOS)study isa birth cohort study 
investigating pesticide and other environ
mental expcsures and the hEalth of pregnant 
women and their children living in an ~ri -
cultural community. Our findings suggest 
that mcst maternal p:lSticideexpcsure prob
ably occurs through the diet, as is the ca::e for 
the general U.S. population, but with addi
tional residential nondietary expcsure mcst 
likely from ingre:E of pesticides from ~ri -
cultural ure into homes (Harnly et al. 2009; 
McKoneet al. 2007). Pre.tious reports on the 
C HAMACOS cohort suggested that prena
tal, but not pcstnatal, expcsure to OP pesti
cic:IEswcsa3SOCiated with incra:red odds of 
pervcsive developmental disorder and lower 
scores of mental development at 2years of~ 
(Eskenazi et al. 2007), and with poorer atten
tion skills a:; well a:; hypei'Cetive rehaviorsat 
5 ',€8rsof~ (Markset al. 2010). It remains 
unclear whether cognitive deficits CS9Xiated 
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with prenatal expcsure to OP pesticides are 
persistent, because cohort studies have not 
followed children to school ~'when defi
cits rray ha\e gra:rter imp I ications for school 
performance. Here, we report the CffiOCiation 
betV'vl:ffi prenatal and postnatal expcsure to 
OP pesticides, indicated by urinary dialkyl 
phcsphate (DAP) rnetabol ite concentrations, 
and oognitiveabilitiESof 7-)€8r-olds. 

Participants and Methods 
Studfsattirg and dsigl. The CHAMACOS 
study is a community/university partnership. 
We conducted this longitudinal birth cohort 
study of predominantly Mexican-American 
low-income families living in the Salinas 
Valley, California. Thisq:Jricultural region is 
located southa:st of the San Francisco Bay 
ArEE. Common crops include lettuce, straw
berriES, artichokEs, brcx::roli, and grapes. About 
235,000 kg of OP pesticides were us:d in this 
region in 1999--2000, when study particip311ts 
were pregnant (CDPR 2001 ). Current data 
shaN that ureof OP pesticides in California 
isdecra:sing overall; ho\1\.ev'er, u:eof OP pes
ticides in Monterey County remained sta:dy 
between 2001 and 2008 but declined 18% 
from 2008 to 2009 (CDPR2010). 

Detailed methods for the CHAMACOS 
study ha\e bEen c:le:rribed effi!vhere (Eskenazi 
et al. 2004, 2006). Briefly, pregnant women 
were ra:ruited in six community clinics, rerv
ing primarily farmworker familiES, between 
October 1999 and 2000. Eligible women 
were~ 18 )€8rs old, < 20 w:eks of g:station, 
Spanish or English spa3king, eligible for low
income health insurance, and planning to 
deliver at the local pub I ic hcspital. All study 
activities were approved by the University 
of California-Berkeley Committee for the 
Protection of Human Subjects. Written, 
informed consent was obtai ned from the 
mothers, and child asrent was obtai ned at 
7 Yffil'S of~-

The initial cohort included 601 women 
who delivered 526 live-born surviving sin
gletons. For the prerent study, we excluded 
two children with missing prenatal DAP 
concentration measurements, four children 
with a medical condition that would affect 
cm:ssment (autism, Down syndrome, hydro
cephalus, dEEfnESS), children who were lost 
to follow-up and/or did not participate at 
the 7 -)€8r study visit (n = 72 moved, n =59 
refured, n = 24 unable to trcre, n = 21 unable 
to schedule, n = 2 decea::ed), and children 
mis:;ing theoognitivecm:ssment at the 7-)€8r 
visit (n = 13). FamiliES included in this analy
sis (n = 329) did not differ significantly from 
the original full cohort on most attributES, 
including urinary DAP concentrations during 
pregnancy, maternal rnea:;ures of cognitive 
ability, maternal education, marital status, 
poverty category, and child's birth weight. 
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Ho\t\€\ler, mothers of children included in the 
prerent study were slightly older (mEEn ~' 
26.7 vs. 26.0 )€8rs, p = O.O?)and bra:st-fed 
longer (8.7 months vs. 7.2, p = 0.01) than 
there from the initial cohort. 

Cognitive assessment. We used the 
Wechsler Intelligence Scale for Children, 
4th edition (WISC-IV), to a:a:ss cognitive 
abilities at the ?-year study visit (Wechsler 
2003). All asres:;rnents were completed by 
asingleexperienced bilingual psychometri
cian, who was trained and supervised by a 
pediatric neuropsychologist. Quality assur
ance rra:sures included review of videotaped 
a:a:ssrnents. For subtests in which a ceiling 
\11/CSnotcdlie.a::l (< 10%), miffiingvaiUESwere 
imputed bared on scores obtained by other 
children with similar score patterns. Scores 
for four domains were calculated l:xrecl on the 
following subtests: Verbal Comprehension 
(oompcred of the Vocabulary and SimilaritiES 
subtESI:s), Ferceptual REEIDning (Block Design 
and Matrix REESOning subtests), Working 
Memory (Digit Span and Letter-Number 
S=quencing subtests), and Processing Speed 
(Coding and Symbol Search subtests). All 
subtestswereadministered in the dominant 
langu~of the child, which \11/CSdetermined 
through administration of the oral vocabu
lary subtest of the Woodcock-Johnson/ 
Woodcock-M ufioz T ESI:s of Cognitive Abi I ity 
in both English and Sp311ish (Woodcock and 
..bhnson 1990). Ultimately, 67% of children 
were tested in Spanish and 33% in English. 
WISC-IV score:;arestandardi2ECI cgainst U.S. 
population-bared norms for English- and 
Spanish-€Jml<ing children. 

The numbers of children with available 
score:; were 329 for Ferceptual Ra:roningand 
Verbal Comprehension and 298 for Proa::ffiing 
SpEd and Working Manory (ba:at.re we did 
not administer letter -number requenci ng and 
symbol s:arch for the first 3 months of C'fEEl:& 

rnents). A Full-&ale intelligence quotient (IQ) 
\11/CSatailable for 297 children. 

Maternal intetviews and Cl$JS$1JJenfs. 
Women were intervie.rved twice during preg
nancy (median g:station, 13 and 26 w:eks), 
after delivery, and when children were 
6 months and 1, 2, 3.5, 5, and 7 yEErs of 
~ I ntervi611S were conducted in Sp311ish or 
English by bilingual, bicultural intervie.rvers. 
At the 6-month visit, mothers were admi n
istered the Pa:txx:ly Picture Vocabulary Test 
(PPVT) to a:a:ss verbal intelligence (Dunn 
and Dunn 1981). The Infant-Toddler HOME 
(Horne Ob:Ervation for MEESUrernent of the 
Environment) inventory was completed at 
6 months and 1 and 2 yEErs of~' and a 
short version \11/CS completed at 3.5 and 5 Yffil'S 
(Caldwell and Bradley 1984). Additional 
information \11/CS obtained from prenatal and 
delivery medical ra:ords, which \11/CSabstracted 
by a registered nurre. 

Urinary OP metabolite measurements. 
Urine \11/CS collEcted at two time points during 
pregnancy. Thefirst urines:mple\11/CScolle:cted 
at enrollment into the study, between 5 and 
27 w:eks of g:station (median, 13 w:eks). The 
s:cond urines:mple\11/CScollected betw:en 18 
and 39 w:eks (median, 26 w:eks). Urine \11/CS 
collEcted from the children at 6 months and 
1, 2, 3.5, and 5 )€8rsOf~; no urine\11/CScoi
IEcted at the 7 -)€8r visit. 

Urine specimens were aliquoted and 
stored at -8ooc until shipment on dry ice 
to the Centers for Disease Control and 
Prevention (CDC; Atlanta, GA) for analy
sis. Six nonspecific OP DAP metabolites 
were measured in maternal and child urine: 
thrEe dimethyl (DM) phcsphate metabolitES 
(dirnethylphcsphate, dirnethylthiophcsphate, 
dimethyldithiophcsphate) and thrEE diethyl 
(DE) phosphate metabolites (diethylphos
phate, diethylthiophosphate, and diethyl
dithiophcsphate). Thee six rretabolitEScannot 
be tra:ed back to individual pesticides but 
together reprerent the brEEkdown products 
of about 80% of the total OP pesticides us:d 
in the Salinas Valley (CDC 2009). The most 
commonly us:d OP pesticides in the Salinas 
Valley are chlorpyrifosand diazinon (which 
devolve to DE), as well as malathion and 
oxyderneton-rnethyl (which cleJolve to D M ). 
DAPrretaboliteconcentrationswererra:sured 
using gas chromatography/ tandem rncmspe:c
trornetryand quantified using isotope dilution 
calibration (Brcwoetal. 2002). Details of urine 
collEction, analysis, detection f~a:~uenciES, and 
quality control procedure:; are ~ribed eire
where (Bradman et al. 2005). Concentrations 
beiON the limit of detection (LOD) were ran
domly imputed bared on a log-normal prob
ability distribution where parameters were 
estimated using maximum likelihood estima
tion. This rrethod ha5 bEen shONn to perform 
better than simple substitution methods such 
cs LOD/2 or LOD/V2 (Lubin etal. 2004). The 
DAP rretaboliteconcentrationswereexpre:re::l 
on a molar bcsis and summed to yield total 
DE, DM,and DAPconcentrations. 

Other environrrmtal oontaminanfs. We 
also considered the potential confounding 
effects of other known or suspected neuro
toxicants: polybrominated diphenyl ethers 
(PBDEs), polychlorinated biphenyls (PCBs), 
p,p· -dichlorodiphenyltrichlorcethane (DDT), 
p,p· -dichlorodiphenyldichlorcethylene (ODE), 
and lEad. I...Ea:l \11/CS rra:sured in maternal blood 
at 26 w:eks of g:station, in cord blood for a 
sub:Et of the participants by the California 
DepartmentofPublic HEEith (Richmond, CA, 
USA), and in children's blood at 2 years of 
~by the Monterey County Public HEEith 
Laboratory (Salinas, CA, USA), using graphite 
furna:e atomic ct.rorption spectrophotometry. 
PBDEs, PCBs, DDT ,and DDEwerernea:;
ured by the CDC (Atlanta, GA) in maternal 
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rerum s:mpiEs col lEete::! at 26 \M:Eks of g:sta
tion, on avercge, using gcschromatography/ 
isotope-dilution high-rESOlution rncssspec
trorretry and rereexpre:re::l on a rerum lipid 
besis. Totallipidsreredetermine::ll:xrecl on 
the rre:surerrent of triglyceride and total cho
lesterol in rerum using standard enzymatic 
rrethods(RocheChemicals, lndianClJQiis, IN) 
(Phillipsetal. 1989). 

Data ana/}6is. Nonsp:cific total DAP, DE, 
and DM metabolites (nanomoles per liter) 
rere transforme::l to the log 10 g;ale. All analy
s:s rere conducte::l on non-crEatinine-ad j uste::l 
values; models were rerun with crEEtinine
adjuste::l values (nanomoles per gram of Clffiti
nine) in rensitivity analyses. Weexanined the 
C'fiDCiation betw:en urinary DAP concentra
tionsand cogniti>veg:nrs using multiple linEEr 
reg!Bffiion, with point estimates repre:enting 
the~ in cogniti>veg:nrs for a:d110-fold 
incra:re in DAP concentrations. For prenatal 
exposure, reexamine::! a:EOCiationswith the 
DAP concentrations rre:sured reparately for 
urinecollected during the first and recond 
half of pregnancy (S 20 vs. > 20 \M:Eks of ges
tation). Becaurewe found similar relations 
betw:en cogniti>ve g:nre; and OAFS rre:sured 
EErl ier or later than 20 \M:Eks of gestation, we 
avercged the two DAP 111EE6Ure> for further 
analyses; for 20 children (6%) only one pre
natai111EE6Urewcsavailable for the analyses. 
Bec:atre D M and DE rretabol ites might hate 
different relationships to the outcomes, they 
rere exani ned s:parately. 

For postnatal exposure, reexamine::! the 
crcss-s:ctional a:EOCiation of cogniti>veg:nrs 
with DAP concentrations 111EE6Ured in chi 1-
dren's urinecollecte::l at different cg:s in repa
rate models. We also calculate::! the cumulati>ve 
DAP level betw:en 6 and 60 months using 
thearea under thecur>ve (AUC), calculated 
using the trcp:IDidal rrethod. For 46 children 
with one missing DAP rre:surerrent at 1, 2, 
or 3.5 yers, we impute::! the rrffil1 of the two 
rre:surs clca:st in tirre for the AUC calcula
tion. Forty-nine children who were miffiing 
DAP rre:sursat either the 6-month or 5-yer 
visit, or miffiing more than one DAP rre:sure 
from thethrreother tirrepoints,rereexclude::l 
from the AUC analy,:;is. For comparison with 
prenatal exposure, we calculate::! the rrffil1 uri
nary DAP concentrations 111EE6Ure::l during 
childhood for children with at la:st thrEe of 
fi>verre:surs (taken at 6 months and 1, 2, 3.5, 
and 5 yers); thisexclude::l20 children. 

To explore pOffiible synergistic effects 
betw:en pre- and postnatal DAP concentra
tions, we included an interaction term for 
mEEn prenatal DAP concentrations x AUC. 
However, this term wcs not statistically sig
nificant (p > 0.15) and thuswcs not included 
in the final models. 

We retained the following variables as 
covariates for all analyses: maternal intellectual 

abilities (PPVT score, continuous), mater
nal e::lucation (thrre categories), and contin
uous HOME score at 6 months. Maternal 
intellectual abilities and HOME score were 
included in models becaure they were C'fiDCi -
ated with both DAP concentrations and I Q 
scores in univariateanalyres (p < 0.2), and 
maternal e::lucation wcs include::ll:a:are it is 
an important determinant of children'scogni
ti>ve development. Lang~ of testing wcs also 
include::! in models for Verbal Comprehension 
and Full-Scale IQ bec:aure of obrer\ed ian
g~relate::l differences in score; for thEre 
scalEs. We conducte::l additional analyres to 
evaluate the confounding effect of other fcc -
torsa:rociate::l with neurode.eloprrent in the 
literature: bra:st-fEEding duration (in w:eks, 
continuous), maternal~ (continuous), birth 
order (continuous), HOMEg:nreat 1, 2, 3.5, 
and 5 years (continuous), poverty category 
(oode::l cs in Table 1 ), marital status (married 
or living cs marrie::l/not married), children's 
~at WISC-IV testing (in months, continu
ous), and maternal levels of PBDEs, pea;, 
DOE, DDT, and IEa:l during pregnancy. Eaf1 
of thEre variables wcs adde::l individually to the 
final model, but none wcs retai ne::l becaure 
none chang=d the rrrcgnitude of the ccefficient 
forurinaryDAPconcentrationsby> 10%.1n 
reparateanalyses, we also in\€Stigate::l poten
tial confounding and effect modification by 
variables poffiibly on the causal pathway (i.e., 
birth weight and gestational age, as::es::ed 
continuously). Ba:at.re most children (67%) 
were teste::! in Spanish, we reran the analyses 
rstricte::l to thissul::l:et. Finally, weexanine::l 
the interaction betw:en rex and DAP con
centrations, l:xrecl on previous findings in this 
cohort (Markset al. 2010). 

Weoompared effect estimates for urinary 
OAFS rre:sured in EErly >versus late pregnancy 
and in the prenatal >versus postnatal periods 
using s:emingly unrelate::l estimation (WffEie 
1999); we ured the rrffil1 postnatal DAP con
centrations (cs oppored to AUC) for thEre 
analyres in order to compare metrics with 
similar units. We ured generalized additi>ve 
models with 3-degrffi-Of -frEedom cubic splines 
toevaluatetheshapeof dcre-- re;ponrecuM:S, 
test the linEErity affiUmption, and in\€Stigate 
potential thrsholdswhilecontrolling for cova
riates. We did not ol:ml.€evidenceof depar
ture from linEErity or thrshold for effect, so 
we retained the simpler models l:xrecl on linEEr 
reg!Bffiion. For illustration, we grouped DAP 
concentrations into quintiles, entered this 
categorical variable in the multiple reg!Bffiion 
model with the same covariables deocribed 
abo>ve, and obtai ne::l the mEEn I Q score for 
a:d1 quintile. 

Univariate and multiple linEEr reg!Bffiion 
analyses were conducted with SPSS (ver
sion 19.0; IBM Corp., Somers, NY), and 
generalized additive model and s:emingly 

8wironmental Health Perspectives volume 1191 nurrter 81 August 2011 

unrelated estimation ("suest" command) 
were performe::l with STAT A (version 10.1; 
StataCorp, CollegeStation, TX). 

Results 
Most women in the prerent study were 
Spanish sp33king, were born in Mexico, li\ed 
in farmworker houreholds, did not oomplete 
high g;hool, and had a family inoome below 
the U.S. poverty thrshold (Table 1 ); 44% 
of mothers performe::l cgricultural work dur
ing their pregnancy. Additional deocriptive 
characteristics on this study population can 
be found elrewhere (Eskenazi et al. 2004 ). 
Levels of urinary DAP metabolites during 
pregnancy (mean of the two prenatal mea
sure>) rere not a:rociate::l with maternal e::lu
cation or intelligence, family incorre, or the 
language of children's cognitive a:a:ssment 
(Table 1 ). HO\I\ever, DAP levels during preg
nancy were higher among mothers from fami
liEswith I<M€1" HOMEg:nrs(indicati>veofa 
leE favorable horreenvironrrent) at the child's 
6-monthvisit (p=0.10). 

DAPooncentrations in urine collEcted dur
ing the first half (median, 13th w:ek of g:sta
tion) and s=cond half (median, 26th w:ek of 
gestation) of pregnancy wereC'fiDCiate::l with 
I<M€rcogniti>veg:nrson all subtests in children 
at 7 yers of~ but were most strongly cmxi
ate::l for Verbal Comprehension and Fuii-S:ale 
IQ (Table 2). The effect ccefficients for DAP 
concentrations 111EE6Ured in the first half of 
pregnancy were not significantly different from 
there for the s:rond half of pregnancy (similarly 
unrelate::l reglffi>ion, p > 0.05 for all g;ale;). 

Avercging the two maternal urinary DAP 
concentrations 111EE6Ured during pregnancy 
yielded significant cssociations with poorer 
cognitive scores (Table 3). Higher prenatal 
DAP concentrations were affieciated with 
lower scores on all four cognitive domains, 
the strongest cssociations being for Verbal 
Comprehension [13 for a 10-fold incra:re in 
concentration= -5.3; 95% confidence interval 
(CI ), --8.6 to -2.0]. A 10-fold incra:re in DAP 
concentrationswcsa:EOCiate::l with a decra:re 
of 5.6 Fuii-S:ale IQ points (95% Cl, -9.0 to 
-2.2). We did not ol:ml.€evidenceof depar
ture from linEErity in the relation betw:en 
DAPconcentrationsand Full-Scale IQ. We 
found a 7.0 Full-Scale IQ-point difference 
betw:en children in the highest quintile of pre
natal DAP levels and there in the IOM:St quin
ti le (Figure 1 ). Urinary D M concentrations 
avercged during pregnancy were also a:EOCi
ated with poorer cogniti>vescors, although 
point estimates were slightly smaller than for 
total DAP concentrations (Table 3). Urinary 
DE concentrations were affieciated with 
poorer cogniti>veg:nre but much leE strongly 
than rere total DAP and D M concentrations. 
The exception wcs Proceffiing Speed score>, 
which were more strongly cssociated with 
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DE concentrations(~: -4.0; 95% Cl, -7.0 to 
-1.0) than with D M concentrations. 

Weexanined the confounding and effEct 
modification of potential neurotoxicants (i.e., 
PBDEs, PCBs, DDT/DOE, and lead)on 
Fuii-S:ale IQ, and none confounded or inter
acted with the DAP prenatal rra:surernents. 
Adjll51:ing for pcstnatal urinary DAP rra:sure:; 
using AUC altered the results for prenatal 
OAFS only marginally (change in estimates 
< 10%). We found no indication of rex-related 
differential a:rociationsof cognitiveg;ore:;and 
prenatal DAP, D M, and DE concentrations 

(pfor intercction term> 0.3). Adjll51:ing point 
estimates for rex only marginally altered the 
re:;ults. Point estimates for cra:rtinine-a::ljll51:ed 
DAP concentrations [Supplemental Material, 
Table 1 (doi:10.1289/ehp.1003185)] were 
similar to there obtained using non-creati
nine-adjll51:ed concentrations. Restricting the 
analyse; to children tested in Spanish yielded 
re:;ultssimilar to there obtained for the entire 
group [Supplemental Material, Table 2 
(doi:10.1289/ehp.1003185)]. 

Postnatal urinary DAP concentrations 
were not consistently a:rociated with cognitive 

Table 1. Study cohort characteristics and maternal urinary DAP concentrations (mean of two measures 
taken during pregnancy), OiAMAC03 (n = 329). 

<?eanetric mean DAP 
Cohort characteristic nl;'/o) (95%CI)(nmoi/L) p-Value" 

Child's sex 0.50 
Boys 154(47) 136 (115-161) 
Girls 175(53) 126 (108--146) 

Maternal edu::ation 0.71 
<6th grade 148(45) 127 (106-152) 
7th-12th grade 111 (34) 127 (105-154) 
Completed high s:hool 70(21) 143 (113--181) 

Maternal intelligen::e (FfVT =re) 0.17 
~74 106(32) 150 (121-188) 
75-99 120(36) 129 (109--154) 
;:: 100 103(31) 103 (95--136) 

1-0\fEg;ore at 6 months 0.10 
~31.0 139(42) 150 (128--177) 
31.1-33.3 85(26) 118 (95--147) 
<::33.4 105(32) 117 (97-141) 

Family incane at 7 years 0.31 
< Poverty level 232(71) 125 (109--142) 
Within 200% of poverty level 95(29) 143 (118--179) 
> 200% of poverty level 2(1) 283 (207 -389) 

Language ofVVIEC-IV verbal subtests 0.77 
Blglish 108(33) 133 (108--160) 
Spanish 221 (67) 129 (113--149) 

Maternal country of birth 0.55 
Mexico 282(86) 133 (118--152) 
United States 43(13) 115 (83--160) 
Qher 4(1) 94(62-186) 

Mother performed farm work during pregnarcy 0.64 
Yes 145(44) 123 (105-146) 
No 180(55) 136(117-159) 
Mising 4(1) 160 (31-2539) 

Farmworker in household during pregnarcy 0.76 
Yes 273(83) 128 (113--145) 
No 54(16) 142 (110--189) 
Mising 2(1) 108 (89-131) 

'Ole-way analysis of variance on log10-transformed DAP concentrations. 

Table 2. Change in cognitive scores in children tested at 7 years of age, for a 10-fold increase in mater
nal DAP concentrations (nmoi/L) measured in the first and second half of pregnancy(~ 20weeks, 
> 20 weeks), OiAMAC03. 

Rrst half of pregnarcy Second half of pregnarcy 

13-Coefficient 13-Coefficient 
Cognitive test n (95%CI) p-Value n (95%CI) p-Value 

VVIEC-IV s::ale 
Working Memory 267 -1.6 (-4.2 to 1.0) 0.22 279 -3.0 (-M to 0.4) 0.08 
A'ocessing Speed 288 -1.5 (-3.9 to 0.9) 0.21 280 -2.6 (-5.9 to 0.7) 0.12 
Verbal Comprehension 291 -2.6 (-5.1 to -D.1) 0.04 309 -3.1 (-M to 0.2) 0.06 
Ferceptual Reasoning 292 -1.2(-4.1 to 1.7) 0.42 309 -2.4 (-6.3 to 1.4) 0.22 

Full-<:eale IQ 286 -2.4 (-4.9 to 0.2) 0.07 279 -3.5 (-6.9 to -D.1) 0.04 

Estimates were adjusted for HOME score at 6 months and maternal education and intelligence. Verbal Comprehension 
and Full .Scale 10 were also adjusted for language of assessment. 

score:;at ?years of~ (Table4). HoV\ever, 
DAP concentrations at 1 year of age were 
as:;ociated with better scores on Verbal 
Comprehension(~= 2.9; 95% Cl, 0.7-5.2) 
and Fuii-S:ale IQ (~=: 2.7; 95% Cl, 0.3--5.1). 
DAPconcentrationsat 6 rnonthsand 2, 3.5, 
and 5 years, and cumulated throughout child
hood by the AUC method, were not cssoci
ated with cognitiveg;ore:;_ LikeNire, pcstnatal 
D M and DE concentrations were not a:roci
ated with cognitiveg;ore:; (data not shown). 
Adjll51:ing for prenatal urinary DAP rra:sure 
had a nEgligible effEct on the pcstnatal DAP 
re:;ults (cha~ in estimates< 10% ). 

To compare the as:;ociation between 
cognitive scores and DAP concentrations 
rra:sured pre- and postnatally, we restricted 
the sample to children with rra:suresavail
able for both the prenatal and postnatal 
periods [Supplemental Material, Table 3 
(doi:10.1289/ehp.1003185]. The effect ccef
ficients a:rociated with prenatal DAP con
centrations (mean of two measures) were 
significantly different than there a:rociated 
with DAP concentrations measured post
natally (mean of five measures) for Verbal 
Comprehension (p = 0.01) and Fuii-S:ale I Q 
(p = 0.03). Weobrerved similar findings for 
the other cognitive scales, but the difference 
between prenatal and pcstnatal point esti
mates did not ra:ch significance (p> 0.10). 

Discussion 
Our finding:;sugJ:St that prenatal expcsure to 
OP pesticides, 26 measured by urinary DAP 
metabolites in women during pregnancy, is 
cssociated with poorer cognitive abilities in 
children at 7 years of age. Children in the 
highest quintileof maternal DAPconcentra
tions had an a.e~ deficit of 7.0 I Q points 
compared with there in the lowest quintile. 
As::ociationswere linear, and weobrerved no 
threshold. However, DAP concentrations 
during childhood were not a:rociated with 
cognitiveg;ore:; in this cohort of children. 

Developing fetal nervous systems may 
be more vulnerable to in uteroexpcsure to 
OP pesticides becaure of the many unique 
proresres occurring during this stage of 
development, such 26 cell division, migra
tion, differentiation, formation of synap:es, 
pruning ofsynap:es, apoptcsis, and m)€1ina
tion (Tau and Peterson 2010). Fetal expo
sure to OP pesticides occurs via passage of 
the OPs through the placenta (Rauh et al. 
2006; Whyatt et al. 2009). In addition, DAP 
metabolites ha.e bEen detected in amniotic 
fluid (Bradman et al. 2003). 

Previous reports from this cohort have 
also shown cssociations of prenatal but not 
pcstnatal OP expcsure with ac::lverre neurobe
havioral functioning (Eskenazi et al. 2007; 
Markset al. 2010). Our findings are con
sistent with there of other investigations of 
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adverre cssociations betw:en prenatal expo
sure to OP pesticidEs and cognition (Harari 
et al. 2010; Rauh et al. 2006). In contrcst 
to the preent findings, a few other studies 
reported that OP metabolites measured in 
children \1\.erecssociated with poorer cognitive 
abilities (Lizardi et al. 2008; Ruckart et al. 
2004). However, thEre studies differed in 
exposure and/or the outcomes found to be 

cssociated with OP pesticidEs. For instance, 
Ruckartet al. (2004)exarnined the relation
ship betw:en methyl parathion-an OP pes
ticide rarely u:::ed in theS:llincs Valley- and 
found nocssociation with ~neral intelligence 
in 6-)€Elr-olds but did find adverrecssociations 
betw:en concurrent exposure and other spe
cific neurop:;ychological domains (i.e., poorer 
memory, attention, and motor skills). In a 

study of 48 children 7 )€Elrs of~, Lizardi 
et al. (2008) reported that therewith detECt
able levels of OAFS had a worre performance 
on a test of exECutive function, but not on 
the Full-&:ale IQ, compared with therewith 
nondetECtable le.tels. StudiES of women who 
worked in floriculture in Ecuador found a:ro
ciationswith certain specific neurobehavioral 
domains in their children but did not a:a:ss 

Table 3. Change in cognitive scores in children tested at 7 years of age, for a 10-fold increase in maternal OAP, OM, and DE concentrations (nmoi/L) averaged 
over pregnancy, a-JAMACD3. 

DAP OM [E 

Cognitive test n j3.('.oefficient (95%0) p-Value j3.('.oefficient (95% 0) p-Value j3.('.oefficient (95%0) p-Value 

WJS).IV scale 
Working Memory 298 -4.3 (-7.7 to -D.9) 0.01 -4.0 (-7.1 to -1.0) <0.01 -D.4 (-3.5 to 2.7) 0.80 
Aooessing Speed 298 -3.4 (-6.8 to -D.1) 0.04 -1.8(-4.8to 1.2) 0.23 -4.0 (-7.0 to -1.0) <0.01 
Verbal Carprehension 329 -5.3 (-S.6 to -2.0) <0.01 -4.8 (-7.8 to -1.9) <0.01 -2.0(-S.Oto 1.1) 0.20 
Ferceptual Reasoning 329 -4.0 (-7.9 to -D.1) 0.04 -3.3(-6.7to0.2) 0.07 -2.1 (-5.6 to 1.5) 0.25 

Full-a::ale IQ 297 -5.6 (-9.0 to -2.2) <0.01 -4.7 (-7.7 to -1.6) <0.01 -2.8 (-5.6 to 0.3) 0.08 

Estimates were adjusted for roME score at 6 months and maternal education and intelligence. Verbal Comprehensioand Full .SCale IQwere also adjusted for language of assessment. 
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Figure 1.Mean ± SE WIS:..IV score per quintile of prenatal urinary OAP concentration: Working Memory (A), Processing Speed (B), Verbal Comprehension (C), 
Perceptual Reasoning (0), and Full-Scale IQ(E). The medians (ranges) for OAP quintiles (nmoi/L) are as follows: first quintile, 39 (0-55); second, 75 (> 55-93); third, 
126 (> 93-173); fourth, 221 (> 173-319); and fifth, 508 (> 319). Estimates were adjusted for 1-DME score at 6 months, maternal education and intelligence, and lan
guage of assessment (only for Verbal Comprehension and Full Scale IQ). 

Table4. Change in cognitive scores for a 10-fold increase in OAP concentrations (nmoi/L) measured throughout children's follow-up visits and for the AUC, 
a-JAMACD3. 

6months 12months 24months 42months EO months ALC 

Qgnitive test 13-Qlefficifflt 13-Qlefficient 13-Qlefficient 13-Qlefficient 13-Qlefficifflt 13-Qlefficient 
~f!:AJ s:ale) n (95"/oCI) p-Value n (95"/oCI) p-Value n (95"/oCI) p-Value n (95"/oCI) p-Value n (95"/oCI) p-Value n (95%CI) p-Value 

Waking 265 -1.7 0.13 274 0.9 0.46 274 -0.4 0.73 231 0.8 0.51 273 2.0 0.07 245 1.6 0.40 
Memry (-3.9to0.5) (-1.4to3.2) (-2.7to 1.9) (-1.7 to 3.3) (-0.1 to4.0) (-2.2 to 5.4) 

RDoossing 265 -0.3 0.77 274 1.6 0.16 274 -2.0 0.08 231 -1.1 0.36 273 0.7 0.46 246 -1.3 0.49 
Spaacl (-2.5 to 1.8) (-0.6 to 3.8) (-4.3 to 0.2) (-3.6to1.3) (-1.3 to 2.7) (-4.9to2.3) 

verm1 294 0.8 0.47 303 2.9 O.Q1 303 -0.8 0.50 259 0.2 0.86 302 0.4 0.68 271 0.8 0.67 
CcrrprE/lension (-1.4to3.0) (0.7to5.2) (-3.1 totS) (-2.2 to 2.6) (-1.6to2.5) (-3.0to4.6) 

Perceptual 294 -2.4 0.06 303 1.9 0.16 303 -0.7 0.61 259 -0.3 0.85 302 2.3 0.06 271 0.5 0.81 
R3aroning (-4.9to0.1) (-0.8 to4.5) (-3.4 to 2.0) (-3.0to2.5) (-0.1 to4.7) (-3.8 to4.8) 

full-Scale Q 265 -0.9 0.41 273 2.7 O.D3 273 -1.5 0.22 231 0.2 0.90 272 1.7 0.12 245 0.6 0.75 
(-3.2 to 1.3) (0.3to5.1) (-3.9 to 0.9) (-2.4 to 2.8) (-0.4 to 3.9) (-3.2 to4.4) 

Estimates were adjusted for l-OME score at 6 months and maternal education and intelligence. Verbal Comprehension and Full-Scale 10 were also adjusted for language of assessment. 
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~neral intelli~nce (Grand jean et al. 2006; 
Handa! et al. 2007, 2008; Harari et al. 2010). 

This study ha51imitations, mcstly related 
to the ce:essment of expcsure to OP pesti
cides. Affi:ssing OPexpcsure is challenging 
b=cal.!S:! of their fest clearance from the body, 
with complete excretion in the urine within 
3--6 days (Bradway et al. 1977). We ol:rerved 
that prenatal expcsure indicated by theater -
~of two DAP rretabolite me:sure:; taken 
during pregnancy WcSCffiOCiated with mark
edly poorer cogniti\€ performances. Ho\f\€\er, 
the269Xiation of DAP rretabolitES rre::sured 
at one point in time during pregnancy
either earlier or later during ge;tation- wcs 
not as strongly associated with cognitive 
scorES. Considering the rapid rretabolism of 
the:e compounds, it s:errs likely that expo
sureas::essment ba::ed on a single urinary 
DAP measure is less repre:;entati\€ of lon
~r-term expcsure than are rerial measure
rrents. In addition, DAP rretabolitES in urine 
may in part reflect exposure to preformed 
DAPs prerent in the environrrent or food 
(Lu et al. 2005); therefore, the proportion of 
urinary DAP rretabolitES that reflect expcsure 
to parent pesticide compounds is unknown. 
HoV~.eVer, the:e sourCES of expcsure miscl26-
sification are nondifferential and would bias 
results toward the null. Despite the limita
tions pertaining to the l.l9:! of urinary DAPs 
26expcsure indicators to OP pesticides, they 
may provide the best integrated rre::sureavail
ableat this tirre. IndEed, for many OP pesti
cides, no rrethods currently avai !able rre::sure 
pestici~ific rretabolitES in urine or OP 
parent compounds in blood. 

Prenatal expcsure to OP pesticides, pri
marily with D M rather than DE rretabol itES, 
WcS269Xiated with poorer cognition at 4tffirs 
of~ in this cohort (Eskenazi etal. 2007),26 
v.ell 26 in the 7 -year follow-up v.e report here. 
The exception wcs that DE rretabolitESv.ere 
more strongly cs::ociated than D M rretabo
litES with deficits on Proo:s:;ing Speed. The 
stro~r 269Xiations with D M rretabol itES for 
mcst cogniti\€ me:sure:;could be explained 
by the greater toxicity of sorre of the:e OP 
pesticides. For example, oxydemeton-rrethyl, 
which devolves to D M rretabol ites, is the 
mcst toxic of OP pesticides ured in the study 
region and repre:ents the greatESt cumulati\€ 
risk (Castorina et al. 2003). On the other 
hand, DE rretabolitES may be less stable and, 
consequently, poorer expcsure biomarkers 
(Bradmanet al. 2007); this would likely bi26 
the effect EStimatES tcmard the null. 

The prESent study also h26 considerable 
strengths, perhaps mcst notable among them 
being its longitudinal design. We me:sured 
urinary DAP concentrations during prena
tal developrrent and throughout childhood. 
We follov.ed children until? years of~, 
when the tESts of cognitive function are more 
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reliable than at you~r cg:s (Honzik 1976). 
As in any epidemiologic study, the reported 
cs::ociations could be attributable to uncon
trolled confounders, but v.e were able to 
examine or adjust for nurrerous important 
factors over the lifetirre of the child, includ
ing expcsure to other environrrental ~ts, 
reveral socioeconomic indicators, maternal 
cognitive abilitiES, and child stimulation. 
Urinary DAP concentrations during preg
nancy v.ere v.eakly 269Xiated with me:sure:; 
of socioeconomic status, such 26 maternal 
intelligence and education. Furthermore, the 
study population had a ho~neous socio
economic profile, reducing the potential for 
uncontrolled confounding. 

The level of urinary DAP rretabolitES in 
the pregnant worren in the pre:ent study wcs 
higher than in a reprESentative U.S. sample 
of women of reproductive age [National 
Health and Nutrition Examination Sur\€y 
(NHANES) 1999-2000] (Bradman et al. 
2005). In the prerent group, the median 
of total maternal DAP concentrations was 
128 nmoi/L. As a comparison, N HANES le.t
els v.ere 72 nmoi/L among pregnant worren 
and 90 nmoi/L among nonpregnant worren. 
Hov.ever, > 25% of pregnant worren from 
the~neral U.S. population had DAP levels 
exa:eding the median levels rre::sured in the 
pre:;ent study. Thus, the prenatal DAP con
centrationscs::ociated with cognitive deficits 
in offspring in the pre:;ent inVEStigation v.ere 
within the ran~ of concentrations found in 
the~ral population. 

Conclusion 
Prenatal but not pcstnatal expcsure to OP 
pesticidES was cs::ociated with poorer intel
lectual de\€loprrent in 7-year-old children 
from an ~ricultural community. Maternal 
urinary DAP levels in this sample, although 
higher than ~neral U.S. levels, v.ere none
theless within the ran~ of the distribution 
levels. The:efindingssuggESt thatsorre U.S. 
worren in the~reral population may experi
ence OP pesticideexpcsureat levels that are 
269Xiated with poorer cogniti\€ re..eloprrent 
in offspring in thepre:entstudy. 
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